Metaphase spindles are arrays of microtubules whose architecture provides the mechanism for 1 6 regulated force generation required for proper segregation of chromosomes during cell division.
). On the other hand, the profile deviates from the linear relationship when predominant S3C). Our data is more consistent with a concave shape, indicating that major filament sliding 2 4 2 took place nearer the pole, including the middle of the spindle half (red plots in Fig. 4J ). Together, 2 4 3 the microtubule arrays nearer the spindle pole adapt to a force that perturbs the spindle's pole-to-2 4 4 pole distance, while the dynamics of equatorial filament arrays are largely unperturbed. To explore the molecular mechanisms underlying the local microtubule responses, we 2 4 8 molecularly perturbed the key spindle motors, kinesin-5 and dynein (Fig. 5 ). The single 2 4 9 microneedle setup was used for these analyses as it enabled us to measure the mechanics of 2 5 0 essentially any spindle phenotype, including spindles with fragile poles. Our primary focus was 2 5 1 on kinesin-5, which localizes all along the spindle and is enriched near the pole (Sawin et al., 2 5 2 1992). We first used AMPPNP (1.5 mM), a slow-hydrolyzing ATP analogue that immobilizes 2 5 3 kinesin-5 onto the microtubule lattice in the "rigor" state (Kapoor and Mitchison, 2001) . Dynein 2 5 4
is relatively insensitive to AMPPNP (Heald et al., 1996) . This treatment did not significantly 2 5 5 alter overall spindle length and bipolarity (Fig. 5A) ; however, we found a global reduction in 5B-D, Fig. S4A ). The local dynamic modulus (stiffness) increased accordingly (11.7 ± 2.7, 3.5 ± 2 5 8 1.6, and 4.0 ± 1.6 kPa at the pole, middle, and equator; n = 3 each), with statistical significance at 2 5 9 the pole and the middle of the spindle half ( Fig. 5E ), suggesting that persistent cross-bridges 2 6 0 were made between overlapping microtubules. Next, we used monastrol, an inhibitor of kinesin-5. Monastrol reduces the affinity of kinesin-5 2 6 3 for the microtubule lattice in vitro (Kwok et al., 2006) . Although spindles collapsed at a high 2 6 4 dose (e.g. 100 µM), bipolarity was maintained when using a relatively low dose (i.e. 10 µM), the 2 6 5 efficacy of which was confirmed by the reduced flux velocity (1.0 ± 0.1 µm/min, n = 5; versus 2 6 6 1.7 ± 0.3 µm/min for control, n = 7) ( Fig. S4B, C) . We found that upon this treatment, the 2 6 7 speckle motion profile obtained nearer the spindle pole were similar or slightly suppressed as 2 6 8 compared to control (orange in Fig. 5G, H) . On the other hand, the profile exhibited a sharper amplitude peak for forces applied near the spindle equator, suggesting enhanced relative filament 2 7 0 movement (orange in Fig. 5I ). When we increased the monastrol dosage (i.e. 20 µM), spindles 2 7 1 shortened to 26.1 ± 4.2 µm (n = 6; versus 37.4 ± 4.8 µm for control) while still maintaining 2 7 2 steady length and bipolarity ( Fig. S4B, D) . Although such small spindles could be analyzed only arrays are sensitive to kinesin-5 inhibition, acquiring ~3-fold mechanical compliance upon 2 7 6 monastrol treatment (1.4 ± 0.8 kPa at 10 µM; 2.1 ± 0.5 kPa at 20 µM, n = 3 each) ( Fig. 5J ). The 2 7 7 filament array near the spindle pole was less sensitive to this inhibition, but also became 2 7 8 compliant upon increasing the dosage (7.5 ± 2.3 kPa at 10 µM; 3.3 ± 1.4 kPa at 20 µM; n = 3 and 2 7 9 5, respectively) ( Fig. 5J ). Together, these data suggest a broad localization of kinesin-5 across the 2 8 0 bipolar structure, and that the activity is required for maintaining spindle length while achieving 2 8 1 robust filament couplings near the pole and the equator. 
Dynein contributes to the coupling of microtubule arrays away from the equator
We next focused on dynein, a minus-end directed microtubule motor whose well-characterized 2 8 5 function is spindle pole organization (Compton, 1998 ). An addition of the monoclonal antibody 2 8 6 to the dynein light chain (Gaglio et al., 1997) resulted in a barrel-like microtubule array with 2 8 7 sprayed poles, the common phenotype of dynein inhibition (Fig. 5K ). Because of the unfocused 2 8 8 pole, the spindle regions were defined based on the distance solely from the equator such that it 2 8 9
nearly matches the region classification of unperturbed spindles (white dotted lines, Fig. 5K ).
9 0
Upon dynein inhibition, we found a noticeable sharpening of the motion amplitude profile at >15 2 9 1 µm away from the equator ( Fig. 5L and S4F), consistent with sparse microtubule arrays seen in 2 9 2 fluorescence images. Importantly, the difference was also observed at 5-15 µm regions from the 2 9 3 equator ( Fig. 5M ), but was not prominent nearer the equator (<5 µm region) ( Fig. 5N ). The local 2 9 4 stiffness moduli estimated were 1.2 ± 1.5, 0.8 ± 0.3, and 2.6 ± 1.0 kPa (n = 4 each) for regions <5 2 9 5 µm, 5-15 µm, and >15 µm from the equator, among which ≥ 5 µm regions yielded statistically 2 9 6 significant weakening of the structure as compared to control (Fig. 5O ). These suggest that for those around the equator. Our microneedle-based quantitative micromanipulation with high-resolution fluorescence microtubules in the spindle that respond to applied forces. We found that microtubules at the filaments were maintained. From these findings, we propose a model of spindle micromechanics,
which is determined by mechanically robust microtubule arrays at the pole and the equator, and 3 1 1 more loosely coupled filament arrays at the middle of the spindle half ( Fig. 6A ). Currently, the most advanced models of metazoan spindles describe a steady-state spindle motility. . By mechanically perturbing the spindle, we found that there is a predominant fraction 3 1 8
of equatorial microtubules whose mechanical coupling to the spindle pole is considerably weak, 3 1 9
and thus, their dynamics is insensitive to a force that pulls the two poles apart. On the other hand, contrast to these robust structures, however, those at the middle of the spindle half appeared 3 5 5 much more compliant. Our findings suggest that within this filament array where predominant 3 5 6 microtubules run in parallel, kinesin-5 crosslinking activity is largely suppressed ("Middle" in 3 5 7 Fig. 6B ). On the other hand, dynein plays a prominent role, likely via its minus-end Metaphase spindles were assembled in extracts prepared from unfertilized X. laevis eggs 3 9 6
according to a well-established method (Desai et al., 1999) . Freshly prepared, cytostatic factor-3 9 7
arrested extracts (30 µl per reaction) were first supplemented with demembranated X. laevis Microneedles were prepared by pulling glass rods (G1000, Narishige) using a capillary puller 4 1 0 (PC-10, Narishige) followed by processing of their tips using a microforge (MF-100, World For microrheology analysis, a piezo-based nano-positioning stage (Nano-LP200, Mad City Lab) The base of the force-calibrated microneedle was held at a fixed position throughout the Hz. The magnitude of applied force was monitored based on the microneedle tip's displacement. The amount of spindle deformation was estimated by the relative displacement of the 4 5 8 microneedle tip and the spindle, whose position change was monitored by tracking the center of For stretching perturbation experiments, the microscope setup as described above was used, but intensity profiles were each fit to a two-dimensional Gaussian function for calculating the 4 9 8 centroid position. The speckles that were detected in each image were then linked across the initial position offset. Fitting was conducted in Origin 2016 (Origin Lab) and data that yielded 5 1 0
an R 2 value above 0.25 were used for subsequent analyses. The profile of speckle motion 5 1 1 amplitude along the long and short spindle axes was generated on the basis of data of speckles 5 1 2 whose initial tracking point was included within a ROI. The ROI was drawn along each 5 1 3 spindle axis (width: ± 2.5 µm). After the removal of outliers (defined as speckles exceeding 5 1 4
the peak amplitude of the speckle closest to the force application point) followed by 5 1 5
smoothing of the data plots (using 5-µm moving average filter) and offset correction 5 1 6 (subtracting the translational drift of the entire structure, ~0.1 µm typical), each profile was 5 1 7
aligned at the local maximum within a ±5-µm region from the initial microneedle position, 5 1 8 and profiles were averaged over multiple spindle samples. The magnitude of the force (F) applied was estimated on the basis of the pre-calibrated force to the deformation amplitude. The phase shift was determined by the difference between 5 3 7 the two oscillatory phases. The dynamic modulus of the spindle was estimated as follows. First, we measured local 5 5 0 deformation of microtubule arrays that developed within a 5 × 5-µm area around the point of imaging plane; x, long spindle axis; y, short spindle axis) and assuming that the deformation was 5 5 3 even across the z-axis (i.e. over the entire spindle width). Below, we use the following indices for Fellowship (to J.T.). The authors declare no competing financial interests. Microtubule motion responses can be analyzed by tracking fluorescent tubulin "speckles" the spindle, measured by microrheology (see Fig. S2 ). Oscillatory forces were applied along the 
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